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 Chapter 19 
 Genetic Transformation of Wheat via  Agrobacterium -Mediated 
DNA Delivery 
 Caroline  A.  Sparks ,  Angela  Doherty , and  Huw  D.  Jones 
 Abstract 
 The method described involves an initial incubation of wheat immature embryos in a liquid culture of 
 Agrobacterium tumefaciens . The  Agrobacterium strain is engineered to contain a binary vector with a gene 
of interest and a selectable marker gene placed between the T-DNA borders; the T-DNA is the region 
transferred to the plant cells, thus harnessing the bacterium’s natural ability to deliver specifi c DNA into 
host cells. Following the initial inoculation with the  Agrobacterium , the embryos are co-cultivated for 
several days after which the  Agrobacterium is selectively destroyed using an antibiotic. Tissue culture of the 
embryos on plant media with a correct balance of hormones allows embryogenic callus formation followed 
by regeneration of plantlets, and in the later stages of tissue culture a selectable marker (herbicide) is 
included to minimize the incidence of non-transformed plants. This protocol has been used successfully to 
generate transformed plants of a wide range of wheat varieties, both spring and winter bread wheats 
( T. aestivum L.) and durum wheats ( T. turgidum L.). 
 Key words  Wheat ,  Agrobacterium tumefaciens ,  Transformation ,  T-DNA ,  Cocultivation ,  Immature 
embryo ,  Transgenic plants 
1  Introduction 
 The ability to alter the genome of a plant in a precise and predict-
able manner is a powerful research tool for functional genomics 
and is fast becoming a key element in the process of commercial 
varietal improvement. A key component of the genetic modifi ca-
tion of crop plants is a robust transformation protocol. Wheat was 
among the last of the major crops to be transformed with the fi rst 
fertile transgenic plants being reported using particle bombard-
ment nearly 20 years ago and  Agrobacterium transformations 
becoming routine a few years later [ 1 – 6 ]. However, there remains 
considerable debate about the respective advantages and disadvan-
tages of these alternative DNA delivery methods. There are numer-
ous reports that claim transformation using  Agrobacterium 
tumefaciens tends to give events with single or low transgene copy 
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number with simple insertion patterns. However, it is also well 
accepted that unwanted “plasmid backbone” (i.e., non T-DNA) 
sequences are also often integrated into the host genome. In addi-
tion, there is a report of  Agrobacterium chromosomal DNA also 
being inserted along with the intended T-DNA [ 7 ]. In contrast, it 
is reported that transformation via biolistics results in multi-copy 
events with more complex insertion patterns. However, this con-
clusion has been disputed [ 8 ] and can be reduced by using shorter 
linearized fragments of DNA rather than circular plasmids [ 9 ] 
which simultaneously removes the possibility of plasmid backbone 
being incorporated into the insertion [ 10 ]. These issues become 
particularly important when the events in question are intended for 
commercialization, and in this case, regardless of the method of 
transformation, it is common to generate several tens of indepen-
dent events and screen these for simple, single copy insertions that 
do not interrupt a native gene or generate other unintended effects. 
For wheat, regardless of the method of transformation, the proce-
dure can be conveniently divided into two parts: those steps that 
ensure effective DNA transfer and integration into the plant 
nuclear genome and those that allow the regeneration and selec-
tion of viable adult plants from the transformed cells. We present 
here two linked chapters. This chapter provides a detailed protocol 
for the transformation of wheat using  Agrobacterium tumefaciens 
to transfer T-DNA to cells of freshly isolated immature embryos as 
a starting explant. The inoculation, cocultivation, regeneration, 
and selection steps are described to produce young, fertile wheat 
plants in 12–16 weeks. Seeds that have inherited the introduced 
DNA from the primary transgenic plants can be collected after a 
further 4–5 months. The adjoining linked chapter describes a pro-
tocol for biolistics transformation. 
2  Materials 
  1.  Strain: AGL1 [ 11 ] ( see  Note 1 ). 
  2.  Vectors: pAL154 and pAL156 [ 12 ] ( see  Note 2 ). 
  1.  Wheat seeds ( Triticum aestivum L.) var. Fielder and Cadenza 
( see  Note 3 ) are sown on a fortnightly basis to provide a regu-
lar supply of good-quality donor material which is essential for 
reliable transformation effi ciencies. Plants are grown fi ve per 
21 cm pot [Nursery Trades (Lea Valley) Ltd., UK] in 
Rothamsted prescription mix soil ( see  Note 4 ) in controlled 
environment rooms with 18 °C day-15 °C night temperatures 
and a 16-h  photoperiod provided by banks of 400 W hydrar-
gyrum quartz iodide (HQI) lamps (Osram Ltd., UK) generat-
ing a light intensity of ~700 μmol/m 2 /s photosynthetically 
2.1  Agrobacterium 
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active radiation (PAR) at the pot surface. Relative humidity is 
maintained at 50–70 %. Pests and disease are kept to a mini-
mum by good housekeeping practices, but  Amblyseius caligi-
nosus [Nursery Trades (Lea Valley) Ltd., UK] is used routinely 
to control thrips and the fungicide Talius (DuPont (U.K.) Ltd, 
UK) is sprayed as a mildew preventative when plants are 
approximately 4 weeks old. Pots are initially top watered by 
hand and then watered via a fl ood-bench automated watering 
system. Plants are stripped to leave the fi ve strongest tillers 
when the plants are 5–6 weeks old. 
  2.  70 % (v/v) aqueous ethanol. 
  3.  10 % (v/v) aqueous bleach ( see  Note 5 ). 
  4.  Sterile distilled water. 
 All chemicals are from Sigma-Aldrich unless otherwise stated, and 
tissue culture-tested or analytical grade chemicals are used. For all 
stock solutions and media use polished water with a purity of 
18.2 MΩ/cm. Sterilization is carried out by autoclaving at 121 °C 
for 15 min or fi lter sterilization using a 0.22 μm syringe fi lter 
(Sartorius Stedim UK Ltd., UK) or, for larger volumes, MediaKap 
fi lters (Medicell International Ltd., UK). Stock solutions are stored 
at 4 °C for 1–2 months or frozen at −20 °C for up to a year provided 
no freeze-thawing has occurred ( see  Note 6 ). 
 Media/components for growth and storage of  Agrobacterium 
tumefaciens :
  1.  MG/L [ 15 ]: 5 g/L mannitol, 1 g/L  L -glutamic acid, 250 mg/L 
KH 2 PO 4 , 100 mg/L NaCl, 100 mg/L MgSO 4 . 7H 2 O, 5 g/L 
tryptone (Oxoid Ltd., UK), 2.5 g/L yeast extract (Oxoid Ltd., 
UK). Adjust pH to 7.0 if necessary. Add 15 g/L bactoagar 
(DIFCO) for solid medium. Sterilize by autoclaving. Add bio-
tin ( see  item 2 ) at 1 μg/L after autoclaving. 
  2.  Biotin: Prepare at 1 mg/100 mL in distilled water. Filter steril-
ize, and store at −20 °C in 0.5 mL aliquots. Add 100 μL biotin 
stock to 1 L MG/L medium ( see  item 1 ) prior to use. 
  3.  Magnesium sulfate: Prepare at 10 mM. Add 246 mg 
MgSO 4 .7H 2 O to 100 mL distilled water. Filter sterilize, ali-
quot, and store at −20 °C. 
  4.  Glycerol 80 % (v/v): Add 80 mL glycerol to 20 mL distilled 
water. Mix thoroughly and fi lter sterilize. Store at room 
temperature. 
 The following are stock solutions of the basal salt mixtures, 
amino acids, and vitamins that are required to make the stock 
plant culture media ( see  Subheading  2.4 ).
  5.  MS macrosalts (×10): 16.5 g/L NH 4 NO 3 , 19.0 g/L KNO 3 , 
3.7 g/L MgSO 4 .7H 2 O, 1.7 g/L KH 2 PO 4 , 4.4 g/L CaCl 2 .2H 2 O 
( see  Note 7 ). Sterilize by autoclaving and store at 4 °C. 
2.3   Media
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  6.  L7 macrosalts (×10): 2.5 g/L NH 4 NO 3 , 15.0 g/L KNO 3 , 
3.5 g/L MgSO 4 .7H 2 O, 2.0 g/L KH 2 PO 4 , 4.5 g/L CaCl 2 .2H 2 O 
( see  Note 7 ). Sterilize by autoclaving and store at 4 °C. 
  7.  L microsalts (×1,000): 17.05 g/L MnSO 4 .H 2 O ( see  Note 8 ), 
7.5 g/L ZnSO 4 .7H 2 O, 5.0 g/L H 3 BO 3 , 0.75 g/L KI, 
0.25 g/L Na 2 MoO 4 .2H 2 O, 0.025 g/L CuSO 4 .5H 2 O, 
0.025 g/L CoCl 2 .6H 2 O. Sterilize by autoclaving and store at 
4 °C. 
  8.  3AA amino acids (×25): 18.75 g/L  L -glutamine ( see  Note 9 ), 
3.75 g/L  L -proline, 2.5 g/L  L -asparagine. Store at −20 °C in 
40 mL aliquots. 
  9.  MS vitamins (−glycine) (×1,000): 500 mg/L pyridoxine HCl, 
500 mg/L nicotinic acid, 100 mg/L thiamine HCl. Prepare 
100 mL volume, fi lter sterilize, and store at 4 °C. 
  10.  L vitamins/inositol (×200): 40.0 g/L  myo -inositol, 2.0 g/L 
thiamine HCl, 0.2 g/L nicotinic acid, 0.2 g/L pyridoxine 
HCl, 0.2 g/L pantothenic acid (hemi-calcium salt), 0.2 g/L 
ascorbic acid. Prepare 100 mL volume, fi lter sterilize, and store 
at −20 °C in 40 mL aliquots. 
 The following stock media are prepared from stock solutions 
( see Subheading  2.3 ,  items 5 – 10 ) at 2× concentrations to allow 
mixing 1:1 with double-strength Phytagel or Agargel for 
preparation of fi nal solidifi ed media plates.
  1.  Inoculation/cocultivation medium (×2) [ 16 ]: 200 mL/L MS 
macrosalts, 2 mL/L L microsalts, 2 mL/L MS vitamins 
(−glycine), 20 mL/L ferrous sulfate chelate solution (×100), 
3.9 g/L 2-( N -morpholino)ethanesulfonic acid (MES), 
1.5 g/L MgCl 2 , 1 g/L  L -glutamine, 200 mg/L  myo -inositol, 
200 mg/L casein hydrolysate, 80 g/L maltose, 20 g/L glu-
cose. Adjust pH to 5.8 with 5 M NaOH or KOH, sterilize by 
autoclaving, and store at 4 °C ( see  Note 10 ). 
  2.  MSS 3AA/2 9 %S (×2): 200 mL/L MS macrosalts, 2 mL/L L 
microsalts, 2 mL/L MS vitamins (−glycine), 40 mL 3AA solu-
tion, 20 mL/L ferrous sulfate chelate solution (×100), 
200 mg/L  myo -inositol, 180 g/L sucrose. Adjust pH to 5.7 
with 5 M NaOH or KOH, fi lter sterilize, and store at 4 °C 
( see  Notes 10 and  11 ). 
  3.  R (×2): 200 mL/L L7 macrosalts, 2 mL/L L microsalts, 
10 mL/L L vitamins/inositol, 20 mL/L ferrous sulfate chelate 
solution (×100), 60 g/L maltose. Adjust pH to 5.7 with 5 M 
NaOH or KOH, fi lter sterilize, and store at 4 °C ( see  Note 10 ). 
  4.  Phytagel (×2): 4 g/L in water. Prepare in 400 mL volumes, 
and sterilize by autoclaving. Phytagel is best used directly after 
autoclaving but can be stored at room temperature and 
remelted in a microwave before use ( see  Notes 12 and  13 ). 
2.4  Stock Plant 
Culture Media
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  5.  Agargel (×2): 10 g/L in water. Prepare in 400 mL volumes, 
and sterilize by autoclaving. Store at room temperature, and 
melt in a microwave prior to use ( see  Note 13 ). 
 The following supplements can be prepared and aliquoted into 
appropriate amounts for storage. These additions are introduced 
to media just prior to pouring plates.
  6.  Antibiotics ( see  Note 14 ):
 (a)  Carbenicillin: Prepare at 100 mg/mL in distilled water. 
Filter sterilize and store at −20 °C. 
 (b)  Kanamycin: Prepare at 50 mg/mL in distilled water. Filter 
sterilize and store at −20 °C. 
 (c)  Timentin [Ticarcillin disodium salt:Clavulanic acid 15:1 
(Melford Laboratories Ltd., UK)]: Prepare at 320 mg/mL 
in distilled water. Filter sterilize and store at −20 °C. 
  7.  Acetosyringone (3,5-dimethoxy-4-hydroxyacetophenone): 
Prepare at 10 mg/mL (50 mM) in 70 % (v/v) aqueous ethanol 
( see  Note 15 ). 
  8.  Silwet L-77 (Lehle Seeds, USA): Prepare 1 % (v/v) solution by 
adding 100 μL Silwet L-77 to 10 mL distilled water. Filter 
sterilize and store at 4 °C ( see  Note 16 ). 
  9.  2,4-Dichlorophenoxyacetic acid (2,4-D): Prepare at 1 mg/
mL, initially dissolving in ethanol and then adding distilled 
water to volume. Filter sterilize and store at 4 °C. 
  10.  Picloram: Prepare at 5 mg/mL in distilled water, adding a few 
drops of NaOH to dissolve if necessary. Filter sterilize and 
store at −20 °C. 
  11.  Silver nitrate (AgNO 3 ): Prepare at 20 mg/mL in distilled water. 
Filter sterilize and store at −20 °C in the dark ( see  Note 17 ). 
  12.  Copper sulphate (CuSO 4 .5H 2 O): Prepare at 25 mg/mL 
(100 mM) in distilled water. Filter sterilize, and store at 4 °C. 
  13.  Zeatin (mixed isomers): Prepare at 10 mg/mL, initially dis-
solving in 1 M HCl and adding distilled water to volume. Filter 
sterilize and store at −20 °C. 
  14.  Glufosinate ammonium (PPT) (Greyhound Chromatography 
and Allied Chemicals, UK): Prepare at 10 mg/mL in distilled 
water. Filter sterilize and store at −20 °C. 
 To prepare the fi nal culture media for plates, stock media 
( see Subheading  2.4 ,  items 1 – 3 ) are mixed 1:1 with double-
strength Phytagel or Agargel for solidifi cation ( see Subheading  2.4 , 
 items 4–5 ), adding supplements ( see Subheading  2.4 ,  items 6 – 14 ) 
before pouring ( see  Note 18 ). All except the inoculation liquid and 
cocultivation medium contain timentin at a fi nal concentration of 
160 mg/L to control subsequent growth of  Agrobacterium 
tumefaciens .
2.5  Final 
Culture Media
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  1.  Inoculation liquid: Mix an equal quantity of inoculation/
cocultivation medium (×2) with sterile distilled water. Add 
400 μM acetosyringone ( see  Notes 15 and  19 ). 
  2.  Cocultivation medium: Mix an equal quantity of inoculation/
cocultivation medium (×2) with melted Phytagel (×2). Add 
2 mg/L 2,4-D, 2 mg/L picloram, and 400 μM acetosyrin-
gone ( see  Notes 15 and  19 ). Pour into 5.5 cm Petri dishes 
(~15 mL/dish) ( see  Note 20 ). 
  3.  Induction medium: Mix an equal quantity of MSS 3AA/2 
9 %S (×2) with melted Agargel (×2). Add 0.5 mg/L 2,4-D, 
10 mg/L AgNO 3 ( see  Note 17 ), and 160 mg/L timentin. 
Pour into 9 cm Petri dishes (~28 mL/dish). 
  4.  Regeneration medium: Mix an equal quantity of R (×2) with 
melted Agargel (×2). Add 5 mg/L zeatin, 0.1 mg/L 2,4-D, 
25 mg/L CuSO 4 ( see  Note 21 ), and 160 mg/L timentin. 
Pour into 9 cm Petri dishes (~28 mL/dish). 
  5.  Selection medium (1): Mix an equal quantity of R (×2) with 
melted Agargel (×2). Add 5 mg/L zeatin, 4 mg/L PPT, and 
160 mg/L timentin. Pour into 9 cm Petri dishes (~28 mL/
dish). 
  6.  Selection medium (2): Mix an equal quantity of R (×2) with 
melted Agargel (×2). Add 4 mg/L PPT and 160 mg/L timen-
tin. Pour into GA-7 Magenta vessels (Sigma-Aldrich, UK) 
(~60 mL/vessel). 
  1.  Falcon tubes, 50 mL (Falcon, USA). 
  2.  Sterile cryotubes, 1.5 mL (Fisher scientifi c). 
  3.  Sterile Petri dishes, 5.5 cm and 9 cm. 
  4.  GA-7 Magenta TM  vessels (Sigma-Aldrich, UK). 
  5.  Sterile wooden cocktail sticks. 
  6.  Forceps and scalpel with no. 11 blades. 
  7.  Binocular microscope e.g., Olympus SZ40. 
  8.  Shaking incubator. 
  9.  High speed centrifuge. 
  10.  Plastic plant pots, 8 cm square and 13 cm diameter. 
3  Methods 
  1.  Collect wheat ears from plants in controlled environment 
donor rooms ( see Subheading  2.2 ) at 12–16 days post anthesis 
( see  Note 22 ). 
2.6  Other Items
3.1  Collection and 
Surface Sterilization 
of Immature Seeds
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  2.  Separate the immature seeds from the surrounding panicles 
( see  Note 23 , Fig.  1a ), and surface sterilize by rinsing in 
70 % (v/v) aqueous ethanol for 1 min, followed by 10 min 
in 10 % (v/v) aqueous bleach with occasional gentle shaking.
  3.  Rinse liberally with sterile distilled water several times, and 
then drain to leave the surface-sterilized seeds moist but not 
immersed in water ( see  Note 24 , Fig.  1b ). 
  1.  Isolate the immature embryo from the seed, removing the 
embryo axis to prevent precocious germination ( see  Note 25 , 
Fig.  1c ). The embryos should be 0.8–2.0 mm in length and 
translucent in appearance ( see  Note 26 ). 
  2.  Once the axis has been removed, place it scutellum side upper-
most onto cocultivation medium in a 5.5 cm Petri dish plating 
approximately 30–50 embryos per plate. Isolate one plate of 
embryos at a time, and carry out inoculation with  Agrobacterium 
tumefaciens ( see Subheading  3.5 ) before isolating embryos for 
the next plate ( see  Note 27 ). 
 Prepare standard inoculum glycerol stocks to allow initiation of 
 Agrobacterium liquid cultures for transformation without the need 
to regrow single colonies on a plate each time.
  1.  Streak a plate of MG/L solid medium containing relevant 
 antibiotics ( see  Note 28 ), and incubate at 27–29 °C in the dark 
for 2–3 days to grow to single colonies. 
  2.  Pick a single colony on a sterile cocktail stick, and place in 
10 mL liquid MG/L medium with appropriate antibiotics 
( see  Note 28 ). 
  3.  Incubate in the dark at 27–29 °C, shaking at 250 rpm for ~24–
36 h until the optical density (OD, Abs 600 ) is >1.0. 
3.2  Isolation of 
Immature Embryos
3.3  Preparation 
of  Agrobacterium 
Standard Inoculum 
Glycerol Stocks
 Fig. 1  Wheat donor material and embryo isolation. ( a ) Immature seeds from an ear of wheat variety Fielder. 
( b ) Surface-sterilized immature seeds ready for embryo isolation. ( c ) Isolation of an immature embryo from a 
seed with embryo axis removed. Scale bar = 1 mm approximately 
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  4.  Centrifuge the culture at 4,500 ×  g for 5 min, discard the 
supernatant, and resuspend the pelleted cells in 1 mL ice-cold 
10 mM MgSO 4 .7H 2 O. 
  5.  Add 3 mL ice-cold, sterile 80 % (v/v) glycerol, mix well, and 
aliquot 200 μL into sterile cryotubes. Freeze in liquid nitro-
gen, and store at −80 °C as a glycerol stock or use immediately 
to initiate a full-strength culture ( see Subheading  3.4 ). 
  1.  Initiate an  Agrobacterium tumefaciens liquid culture, by adding 
~200 μL of a standard inoculum glycerol ( see Subheading  3.3 ) 
to 10 mL liquid MG/L with appropriate antibiotics ( see  Note 
28 ) in a 50 mL Falcon tube ( see  Note 29 ). 
  2.  Prepare as many 10 mL cultures as plates of embryos to be 
treated. Incubate in the dark at 27–29 °C, shaking at 250 rpm 
for 12–24 h to reach an optical density (Abs 600 ) >1.0. 
  3.  Pellet the  Agrobacterium cultures at 4,500 ×  g for 10 min, and 
resuspend each pellet in 4 mL inoculation liquid with 400 μM 
acetosyringone ( see  Notes 15 and  19 ). 
  4.  Place these cultures back in the incubated shaker for 1–3 h 
until required ( see  Note 30 ). 
  1.  Remove the resuspended  Agrobacterium from the shaker, add 
60 μL 1 % (v/v) Silwet (fi nal concentration 0.015 %) ( see  Note 
16 ), and pour the whole 4 mL volume over a batch of 30–50 
plated embryos ( see  Notes 31 – 33 , Fig.  2a, b ).
  2.  Incubate for 1 h at room temperature in the dark ( see  Note 34 ) 
while preparing more embryos for inoculation ( see  Note 35 ). 
  1.  Remove as much of the  Agrobacterium culture as possible 
using a pipette ( see  Note 36 ). Transfer the embryos to a fresh 
plate of cocultivation medium in a 5.5 cm plate, keeping them 
scutellum side uppermost. 
  2.  Allow to cocultivate in the dark at 22–23 °C for 3 days 
( see  Note 37 ). 
  1.  After 3 days’ cocultivation there should be visible signs of 
 Agrobacterium growth (Fig.  2c ,  see  Note 38 ). However, it 
should not be allowed to overgrow the embryos as it will cause 
damage and therefore inhibit callus induction and regeneration. 
  2.  Transfer the embryos to induction medium which contains 
timentin to selectively kill the  Agrobacterium and control fur-
ther growth ( see  Note 39 ). 
  3.  Incubate in the dark at 22–23 °C for a further 18–25 days 
( see  Note 37 ). 
3.4  Growth and 
Preparation of 
 Agrobacterium Cells 
for Inoculation
3.5  Inoculation 
of Embryos with 
 Agrobacterium 
tumefaciens 
3.6  Cocultivation
3.7  Induction of 
Embryogenic Callus
Caroline A. Sparks et al.
243
 Fig. 2  Inoculation with  Agrobacterium and results of cocultivation. ( a ) Pouring  Agrobacterium culture over 
plated immature embryos. ( b ) Dropping aliquots of  Agrobacterium culture onto individual plated imma-
ture embryos. ( c ) Growth of  Agrobacterium following 3 days’ cocultivation (drop method). ( d ) Transient 
 gus expression in immature embryos 6 days after  Agrobacterium inoculation. Scale bar = 1 mm 
approximately 
 Fig. 3  Regeneration of transformed wheat plants. ( a ) Embryogenic callus after 1 week’s culture on regenera-
tion medium in the light. ( b ) Regenerating calli on selection medium (1) about to be moved to selection 
medium (2). ( c ) Confi rmed transgenic plants in GM containment glasshouse awaiting potting to larger pots. 
Scale bar = 4 mm approximately 
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  1.  After 3–4 weeks of dark culture the embryos should have 
formed embryogenic calli. 
  2.  Transfer responsive calli to regeneration medium to initiate 
regeneration from the somatic embryos. 
  3.  Calli should be transferred whole and not broken up at this 
stage. Incubate the cultures again at 22–23 °C but now in the 
light for 3–4 weeks ( see  Note 37 , Fig.  3a ).
  1.  First selection: Once good shoots are developing from the calli, 
transfer them to selection medium (1) ( see  Notes 40 and  41 ). 
If the regenerating calli are large they should be distributed 
between a number of dishes to prevent subsequent overcrowd-
ing. Calli should still be maintained as one piece at this stage 
unless they fall apart naturally in which case sections from the 
same initial callus should be kept together in order to track 
possible clonal material ( see  Note 42 ). Incubate for 3–4 weeks 
at 22–23 °C in the light ( see  Note 37 ). 
  2.  Second selection: After 3–4 weeks the effect of selection on the 
cultures should be apparent; some bleaching of leaves will have 
occurred, and roots may be stunted ( see  Note 43 , Fig.  3b ). 
Any plantlets which remain green with reasonable root structures 
should be transferred to selection medium (2) in Magenta TM  
vessels for expansion of leaves and roots, placing four to six 
plantlets per Magenta TM  ( see  Note 40 ). At this stage it should 
be possible to divide calli, separating out individual plantlets, 
but these should be labelled as possible clones ( see  Note 43 ). 
Incubate for a further 3–4 weeks at 22–23 °C in the light. 
  1.  Following the second round of selection, transformed plantlets 
should be fairly obvious in the Magenta TM  vessels as those 
which are green and strong with developed root systems. 
  2.  Remove the plantlets from the Magenta TM  vessel, rinsing the 
roots with water to remove Agargel if necessary, and pot into 
8 cm square pots containing moistened Rothamsted prescrip-
tion mix soil ( see  Notes 4 ,  42 , and  44 ). 
  3.  Place the pots in a propagator for 1–2 weeks to create a humid 
environment for the plantlets to become established 
( see  Note 45 ) and grow in a suitable GM containment glass-
house ( see  Note 46 ). 
  4.  After 2–3 weeks plants should be suffi ciently strong to take a 
leaf sample for genomic DNA extraction and analysis by PCR. 
Re-pot confi rmed positive transgenic plants (Fig.  3c ) to soil in 
13 cm diameter pots ( see  Note 4 ) and grow to maturity in a 
GM containment glasshouse. 
  5.  Transformed plants usually have no morphological differences 
to control plants apart from the occasional effects of soma-
3.8  Regeneration 
of Plantlets
3.9  Selection 
of Transformants
3.10  Transfer 
of Putative Transgenic 
Plants to Soil 
and Analysis
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clonal variation from tissue culture: they are generally normal, 
fertile plants with good seed set. 
4  Notes 
  1.  AGL1 is a strain engineered to contain the so-called hyperviru-
lent Ti plasmid pTiBo542 which carries additional  virulence 
genes originating from the  Agrobacterium strain A281. 
Other  Agrobacterium tumefaciens strains, e.g., EHA105, work 
equally as well, but the  Agrobacterium culture medium and 
growth conditions may need to be modifi ed for optimum 
performance. 
  2.  The chosen  Agrobacterium strain is transformed with a suit-
able binary vector engineered to contain a gene of interest and 
selectable marker gene between the T-DNA borders. Vectors 
used for optimization of transformation methods commonly 
use a reporter gene, e.g., β-glucuronidase ( gus A) or GFP, to 
visualize transformed cells. The pSoup/pGreen methodology 
(see  www.pgreen.ac.uk ) utilizes a dual-vector system which 
arranges the virulence genes on one plasmid (pSoup and deriv-
atives) and the genes to be transferred on a different plasmid 
(pGreen and derivatives). pGreen has its own origin of replica-
tion (ori), but the  trans acting replicase gene (RepA) is present 
on the pSoup vector, and consequently both vectors are 
required in  Agrobacterium for pGreen to replicate. In the cur-
rent chapter, pAL154 is the pSoup derivative carrying the 
15 kb Komari fragment from pTiBo542 which contains addi-
tional copies of  vir genes ( vir B,  vir C, and  vir G 542 ) [ 13 ], and 
pAL156 (pGreen derivative) has T-DNA borders surrounding 
β-glucuronidase ( gus A reporter gene, modifi ed by addition of 
an intron in the open reading frame to prevent expression in 
 Agrobacterium ) and the  bar gene for plant selection, both of 
which are driven by the maize ubiquitin promoter plus fi rst 
intron [ 14 ] and a  nos terminator. pAL155 is an alternative 
pSoup derivative which can be paired with pAL156 with no 
variation in effi ciency. 
  3.  Although this protocol is typically used for the bread wheat 
varieties Fielder and Cadenza it can be applied to other wheat 
varieties, but effi ciencies may be affected. 
  4.  Rothamsted prescription mix soil contains 75 % fi ne grade 
peat, 12 % screened sterilized loam, 10 % 6 mm screened lime- 
free grit, 3 % medium vermiculite, 2 kg osmocote plus/m 3 
(slow-release fertilizer, 15N/11P/13K plus micronutrients), 
0.5 kg PG mix/m 3 (14N/16P/18K granular fertilizer plus 
micronutrients) from Petersfi eld Products, UK. 
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  5.  Ordinary commercial thin bleach can be used which generally 
has a sodium hypochlorite content of 4–6 %. 
  6.  Some salts may come out of solution in cold storage so check the 
solutions and shake before use if necessary to resuspend fully. 
  7.  CaCl 2 .2H 2 O should be dissolved in water prior to addition to 
the other components. 
  8.  MnSO 4 .H 2 O is the most commonly available form of this salt, 
but if a different hydrated state is used, the amount to add 
must be calculated to refl ect this. 
  9.  L -glutamine can be diffi cult to dissolve. If this is the case, dis-
solve separately at pH 9.0 prior to mixing with the other 
components. 
  10.  The osmolarity of stock media should be within the ranges: 
inoculation/cocultivation (×2) 600–700 mOsM, MSS 3AA/2 
9 %S (×2) 800–1, 100 mOsM, and R (×2) 270–300 mOsM. 
  11.  Although this transformation protocol describes methods 
most suitable for bread wheat, durum wheat ( Triticum turgi-
dum L.) can also be transformed using this system but with the 
notable variation that sucrose is adjusted to 4.5 % in the MSS 
3AA/2 9 %S induction medium for embryogenic callus 
formation. 
  12.  Ideally Phytagel should be used directly after autoclaving as it 
is not as easy to remelt as Agargel and sets quickly. However, it 
can be stored at room temperature and carefully remelted in a 
microwave if necessary. 
  13.  When preparing Phytagel and Agargel, they should be shaken 
before and after autoclaving to ensure even setting which 
makes subsequent remelting in a microwave easier. Following 
microwaving, always cool the gelling agents to approximately 
50 °C prior to combining with the media solutions. 
  14.  The antibiotics used will depend on the chosen  Agrobacterium 
strain and the plasmids therein: AGL1 can be selected with 
carbenicillin, pAL154 with tetracyclin, and pAL156 with kana-
mycin. However, pGreen-based plasmids will not grow with-
out the presence of pSoup (or derivatives), so it is  suffi cient to 
use kanamycin alone to select for both pAL154 and pAL156. 
  15.  Ideally acetosyringone should be prepared fresh for each 
experiment, but if stored at 4 °C it can be kept for about a 
week or for several months at −20 °C. It is light sensitive, so 
solutions and media containing it should be kept in the dark. 
  16.  Silwet L-77 (also known as Vac-In-Stuff) acts as surfactant to 
allow wetting of embryos which facilitates  Agrobacterium 
adhesion and penetration by the pili. The Silwet solution 
should preferably be made fresh for each experiment, but if 
stored at 4 °C it can be kept for about a month. 
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  17.  Silver nitrate acts as stress-inducing agent in the initial induc-
tion phase to promote embryogenesis. It is light sensitive, so 
stocks and any media containing it should be stored in the 
dark. 
  18.  Ideally plates should be poured and used as fresh as possible 
yet should be allowed to incubate for a few days at room 
 temperature to check for contamination. If stored at 4 °C they 
can be kept for 2–3 weeks. 
  19.  Acetosyringone is used to induce the virulence genes within 
the  Agrobacterium tumefaciens cells and therefore assist 
T-DNA transfer. 200–800 μM acetosyringone can be used in 
the inoculation and cocultivation media; higher amounts sup-
posedly improve T-DNA delivery, but this is generally associ-
ated with increased damage to the embryos. A compromise is 
necessary therefore to determine which concentration gives 
the most suitable results. 
  20.  Small Petri dishes are used for inoculation as they comfortably 
hold the 4 mL  Agrobacterium culture used for inoculation. If 
larger dishes were used, larger culture volumes would need to 
be grown. 
  21.  Copper sulfate acts as a stress-inducing agent in the regenera-
tion phase to promote shooting and can be used in the range 
12.5–25 mg/L (50–100 μM). If regeneration is good, 
12.5 mg/L may be suffi cient as the cultures can become too 
leafy at 25 mg/L. 
  22.  Immature seeds are at about the right stage when they have a 
whitish bloom on the seed surface and the endosperm is just 
solidifi ed but not too hard. A few spikelets can be opened at 
the time of ear collection to determine whether the seeds are at 
the correct stage. 
  23.  Generally only the outer caryopses of each spikelet are used, 
and none are taken from the tip or the base of the ear due to 
asynchronous seed development. 
  24.  Ideally surface-sterilized seeds should be used on the same day. 
If material needs to be collected in advance it is better to store 
whole ears at 4 °C with the stems in water prior to removing 
the seeds; however, it is not recommended to store these lon-
ger than overnight. 
  25.  The immature scutellum is the callus-forming tissue; if the 
embryo axis is left intact it will be prone to germinate on the 
culture medium, thereby preventing callus formation. A prac-
tised hand can cut off the embryo axis through the seed coat, 
leaving a hole through which the scutellum can be removed. 
  26.  Embryos in the size range 0.8–2.0 mm are ideal for 
 Agrobacterium -mediated transformation which is slightly 
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larger than the size advised for transformation via particle 
bombardment. 
  27.  Embryos must be freshly isolated for treatment, so one dish at 
a time is prepared and the  Agrobacterium culture is added as 
soon as possible. Various timings of preincubation have shown 
that embryos can be left for a maximum of 2 h before  treatment 
but shorter times improve transformation effi ciencies. 
  28.  For the strain/vector combination described, use 200 mg/L 
carbenicillin and 100 mg/L kanamycin. 
  29.  50 mL Falcon tubes (Corning) are used for growing cultures 
purely for convenience as they can be readily spun down fol-
lowing growth. Conventional fl asks can be used, transferring 
to centrifuge tubes for pelleting of  Agrobacterium , without 
having a marked effect on the result. 
  30.  The  Agrobacterium should continue to grow whilst on the 
shaker and should be used between 1 and 3 h. Although lon-
ger incubation may still result in transformation, effi ciencies 
will be reduced. 
  31.  If embryos fl oat off the surface of the medium when the 
 Agrobacterium culture is poured over, prod them down gently 
with a dissection needle to make sure that they remain fully 
submerged. 
  32.  Instead of fl ooding the whole plate with  Agrobacterium cul-
ture, individual 10 μL drops can be applied to each embryo for 
inoculation. After the hour’s incubation step, slide the embryo 
to a different position on the plate, i.e., away from the pool of 
 Agrobacterium , and continue cocultivation as for embryos 
transferred following fl ooding with  Agrobacterium ( see Fig.  2b ). 
  33.  Control plates should be included in experiments to monitor 
callus formation and regeneration, so a plate of embryos 
fl ooded with 4 mL MG/L medium + Silwet L-77 (no 
 Agrobacterium ) should be set up at this stage. 
  34.  Acetosyringone is light sensitive and is present in the 
 Agrobacterium suspension and cocultivation plates; conse-
quently the incubation step is done in the dark as far as 
possible. 
  35.  The incubation period can be between 15 min and 1 h without 
undue impact on the result. 1-h incubation is more convenient 
as it provides suffi cient time to isolate another plate of embryos 
ready for the next inoculation treatment. 
  36.  This is an important step: embryos do not like being wet, and 
too much  Agrobacterium during cocultivation will also cause 
damage to the embryos; therefore it is essential to remove as 
much of the  Agrobacterium culture as possible at this stage. 
  37.  Cultures are incubated in a controlled environment room 
at 22–23 °C. Cool white fl uorescent tubes generate lighting 
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levels of ~250 μmol/m 2 /s PAR for a 12-h photoperiod. Where 
dark culture is required, solid trays are covered with foil. 
  38.  In order to aid optimization of transformation protocols a 
reporter gene is often included within the T-DNA to act as a 
visual marker of transformation. The pAL156 vector described 
in this chapter includes the β-glucuronidase ( gus A) gene. 
Embryos can be sacrifi ced after cocultivation and assayed for 
transient  gus activity [ 17 ] to determine the effectiveness of the 
T-DNA transfer (Fig.  2d ). Alternative reporter genes also exist 
which do not require a destructive assay and which can be used 
to monitor viable tissues in culture over a longer period, e.g., 
GFP. 
  39.  Some  Agrobacterium growth is benefi cial as it shows it is pres-
ent, but too much overgrowth is not recommended as it is 
damaging to the embryos. Growth of the  Agrobacteruim needs 
to be controlled subsequent to cocultivation therefore all suc-
cessive media contain the antibiotic timentin (ticarcillin diso-
dium salt:clavulanic acid 15:1). Even if the  Agrobacterium 
appears to be controlled at fi rst it will grow back later on, 
so selection pressure is maintained throughout the following 
tissue culture steps. 
  40.  Calli from control plates (no  Agrobacterium ) should be trans-
ferred to selection media without PPT, but timentin should 
still be included to act as an appropriate control. Some calli 
from control plates should also be put on full selection media 
including PPT to demonstrate the effectiveness of the 
selection. 
  41.  “High lid” Petri dishes can be used at this stage by using 
upturned Petri dish bases as lids; this creates more space for 
shoots to develop. 
  42.  Any plantlets originating from the same callus piece should be 
regarded as clonal until demonstrated otherwise. 
  43.  Glufosinate ammonium (PPT) is used for selection of plants 
transformed with the  bar gene. 4 mg/L PPT used in the selec-
tion media described should effectively terminate growth of 
non-transformed tissues although this may not be fully obvi-
ous until after the second round of selection. The control 
plates and magentas will give a good indication of how well the 
selection is working. If too many non-transformed escapes are 
identifi ed, 6 mg/L PPT could be used subsequently to provide 
more stringent selection pressure. 
  44.  A plant generated from a control plate inoculated without 
 Agrobacterium and subsequently grown on media without 
plant selection should also be potted up to act as a control 
which has been through the same experimental conditions but 
without  Agrobacterium . 
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  45.  Plantlets derived from tissue culture have little or no waxy 
 cuticle and so require a humid environment initially to protect 
them from desiccation whilst the cuticle forms. 
  46.  GM glasshouse conditions are maintained at 18–20 °C 
day/14–16 °C night temperatures with a 16-h photoperiod 
provided by natural light supplemented with banks of SonT 
400 W sodium lamps (Osram Ltd., UK) generating a light 
intensity of 400–1,000 μmol/m 2 /s PAR. 
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